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Abstract
We present a methodology, called fast repetition rate (FRR) fluorescence, that measures the functional absorption cross-
section (cPS II) of Photosystem II (PS II), energy transfer between PS II units (p), photochemical and nonphotochemical
quenching of chlorophyll fluorescence, and the kinetics of electron transfer on the acceptor side of PS II. The FRR
fluorescence technique applies a sequence of subsaturating excitation pulses (‘flashlets’) at microsecond intervals to induce
fluorescence transients. This approach is extremely flexible and allows the generation of both single-turnover (ST) and
multiple-turnover (MT) flashes. Using a combination of ST and MT flashes, we investigated the effect of excitation protocols
on the measured fluorescence parameters. The maximum fluorescence yield induced by an ST flash applied shortly (10 Ws to
5 ms) following an MT flash increased to a level comparable to that of an MT flash, while the functional absorption cross-
section decreased by about 40%. We interpret this phenomenon as evidence that an MT flash induces an increase in the
fluorescence-rate constant, concomitant with a decrease in the photosynthetic-rate constant in PS II reaction centers. The
simultaneous measurements of cPS II, p, and the kinetics of Q3A reoxidation, which can be derived only from a combination of
ST and MT flash fluorescence transients, permits robust characterization of the processes of photosynthetic energy-
conversion. ß 1998 Elsevier Science B.V. All rights reserved.
1. Introduction
Because its measurement is non-destructive, non-
invasive, rapid, sensitive, and achieved in real-time
[1], the change in the quantum yield of chlorophyll
£uorescence induced by actinic light is used exten-
sively to derive photosynthetic parameters related
to PS II [2]. Theoretical and empirical models have
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Abbreviations: aPS II, optical cross section of PS II; Chl, chlorophyll ; C(t), fraction of closed PS II reaction centers at time t during
FRR excitation protocol; f(t), £uorescence yield at time t during FRR protocol; FRR, fast repetition rate; Fo, minimal £uorescence
yield; Fm, maximal £uorescence yield; g(t), function describing the kinetics of Q3A reoxidation; g(t)=K1exp(3t/d1)+K2exp(3t/d2)+
K3exp(3t/d3) ; HF1, Fm induced by ¢rst ST excitation in dark-adapted cells ; HF2, Fm induced by ST £ash applied following MT £ash;
HFM, Fm induced by MT excitation; i(t), excitation intensity at time t in FRR protocol; I(t), cumulative excitation energy in FRR
protocol; LED, light-emitting diode; LF, Fm induced by ST excitation; MT, multiple turnover; p, extent of energy transfer between PS II
reaction centers; PAM, pulse amplitude modulation £uorometry; PpP, pump-and-probe £uorometry; PQ, plastoquinone pool; PS II,
Photosystem II; qp(t), photochemical quenching at time t during the FRR protocol; QA, the primary quinone electron acceptor in PS II;
QB, the secondary quinone electron acceptor in PS II; cPS II, functional (i.e., the photochemically e¡ective) cross section of PS II; RC II,
reaction center of PS II; ST, single turnover; ST1, ST2, ST £ashes applied before and after the MT £ash, respectively
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been proposed that relate variations in £uorescence
yields to: (1) the quantum e⁄ciency of photochem-
istry in PS II reaction centers [3^5]; (2) the number
of primary and secondary electron-acceptors [6,7];
(3) the concentration of P680, donor side turnover,
and the state of the water-splitting system [8^10];
(4) the functional (or e¡ective) absorption cross-sec-
tion of PS II [11^16]; (5) energy transfer between
reaction centers [17,18]; and (6) the kinetics of elec-
tron transport on the acceptor side of PS II [19^24].
These parameters provide information on the funda-
mental biophysical properties of photosynthetic en-
ergy conversion [25,26], the e¡ects of environmental
stresses on PS II function in vivo [27], photosynthetic
electron transport under ambient irradiance [28], and
the molecular relationships between the structure and
function of the photosynthetic apparatus [29].
Experimentally, evaluating speci¢c photosynthetic
parameters partly depends upon the particular £uo-
rometric method, instrument, and measurement pro-
tocol used. Consequently, comparing published re-
sults is complicated by di¡erences in experimental
techniques, and has led to contention about the val-
idity and weaknesses of speci¢c ones [14,18,30^34].
Confusion on the quantitative interpretation of var-
iable £uorescence yields stems largely from di¡eren-
ces between ST and MT excitation protocols [35^37].
The oldest, and easiest, technique for measuring
changes in £uorescence yields is based on the analysis
of a £uorescence transient induced in a dark-adapted
sample by a short, rapid exposure to continuous light
[38,39]. This so-called ‘£uorescence induction techni-
que’ is beguilingly simple; however, because the rate
of excitation delivery to PS II reaction centers (i.e.,
the rate of photochemistry) in a dark-adapted state is
generally lower than the initial rate of Q3A oxidation,
the observed transient saturates only after reduction
of the plastoquinone pool [6]. As the stoichiometry
of PQ to PS II is invariably s 1.0 in vivo, the ki-
netics of the changes in £uorescence yields are com-
plicated by multiple turnovers of PS II. This compli-
cation can be avoided by applying 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU) or simi-
lar herbicides that prevent reoxidation of Q3A on
the relevant time scales of measurements. Use of
such inhibitors, however, is not practical in in situ
applications.
Subsequently, non-destructive ST and MT £uores-
cence-based techniques have been developed that ex-
pose samples to one or more £ashes of saturating
actinic light, and then follow changes in £uorescence
as the electron acceptors in PS II are reduced. One
widely used technique is the so-called ‘light doubling’
[40], or ‘pulse amplitude modulated’ (PAM method),
that uses an MT actinic pulse to induce the maxi-
mum £uorescence level, as advocated by Shreiber
[41]. An alternative to the MT approach is based
on ‘pump-and-probe’ (PpP), or ‘£ash photolysis’
techniques ([24,42^48]; see reviews in Refs.
[39,48,49]). The PpP method compares £uorescence
yields for weak probe £ashes before and after an ST
actinic ‘pump’ £ash. Varying the intensity of the ac-
tinic £ash allows the functional absorption cross-sec-
tion of PS II to be derived [25] and, by varying the
delay between actinic- and probe-£ashes, the kinetics
of electron transfer on the acceptor side of PS II also
can be evaluated [23,24,50,51].
Both PAM and PpP techniques are superior to the
£uorescence induction method because they permit
more robust biophysical analyses; however, the re-
quired experimental protocols last up to several mi-
nutes, making it di⁄cult to follow dynamic changes
in the kinetics of electron transport and cPS II occur-
ring in time-scales of milliseconds to minutes. In ad-
dition, both techniques use excitation protocols that
potentially change the redox state of electron carriers
between PS II and PSI, and/or the level of nonpho-
tochemical quenching within the photosynthetic ap-
paratus. Consequently, the measured variable £uo-
rescence critically depends upon the measurement
protocol. Speci¢cally, it was suggested that the
PpP technique can induce so-called ‘donor-side
quenching’ [8,10,43,52], whereas the PAM technique
may mediate a di¡erent type of quenching resulting
from excitation-induced changes in the redox state of
the PQ pool [36,37,51].
Here we describe a novel methodology, called ‘fast
repetition rate’ (FRR) £uorescence, that measures a
suite of photosynthetic parameters, and examine how
experimental protocols a¡ect the measured quantum
yields. Using this FRR approach, we can independ-
ently manipulate photochemical quenching, non-pho-
tochemical quenching, and the redox state of the
acceptor and donor side of PS II, thereby assessing
the contribution of each process to the variable £uo-
rescence yield. Our goal is to extend the application
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of £uorescence-based measurements of photosyn-
thetic performance, while clarifying pragmatic issues
of the applying experimental data to interpret the
biophysical phenomena. In another paper, we exam-
ine the processes responsible for the variation in the
quantum yields of £uorescence [53].
2. Materials and methods
2.1. Fast repetition rate £uorometry: theory
The FRR technique measures £uorescence transi-
ents induced by a series of brief subsaturating exci-
tation pulses, or ‘£ashlets,’ where the intensity, dura-
tion, and interval between them is independently
controlled. This £exibility permits selective manipu-
lation of QA and PQ reduction and allows changes in
£uorescence yield to be separately attributed to the
reduction states of these two acceptors. The FRR
technique allows cPS II and the energy transfer be-
tween PS II reaction centers to be calculated from
the kinetics of £uorescence transients within a single
photochemical turnover of PS II.
The £uorescence yield measured at time t during
an FRR excitation protocol, f(t), is de¢ned by the
Fo (minimal) and Fm (maximal) components of the
£uorescence yield, and by the fraction of closed PS II
reaction centers, C(t). If the ensemble of PS II re-
action centers share excitation energy [17,18,26,54],
the observed £uorescence yield also depends on the
extent of energy transfer, p :
f t  Fo  Fm3Fo Ct 13p13Ctp
 
: 1
Eq. 1 also can be expressed in terms of the fraction
of open RC IIs, q(t)=13C(t), but at the cost of a
more complicated formalism [26].
C(t) is controlled by the rate of primary photo-
chemistry, which is proportional to the product of
incident excitation energy (I), the functional absorp-
tion cross-section (cPS II), and the rate of Q3A reoxi-
dation. Changes in C(t) due to primary photochem-
istry can be described as:
DCt
DI
 cPS II 13Ct13Ctp: 2
Ignoring Q3A reoxidation (or assuming a single turn-
over character of the excitation), Eq. 2 simpli¢es to:
dCt
dt
 cPS IIdIdt
13Ct
13Ctp  cPS II it
13Ct
13Ctp 3
where i(t) is the excitation intensity. Integrating Eq.
3 allows the expression of C(t) as:
Ct 
Z t
0
cPS II ie 13Ce13Cepde; 4
where e is the integration variable, and C(e= 0) is
the fraction of PS II reaction centers closed before
the FRR excitation. Substituting Eq. 4 into Eq. 1
allows calculation of the £uorescence transient,
f(t), when the rate of excitation delivery to RC II
(i.e., the product of i(t) and cPS II) greatly exceeds
the rate of Q3A reoxidation. Such conditions exist at
very high excitation intensities, or when Q3A reoxida-
tion is inhibited by a herbicide, such as DCMU. In
the more general case, where Q3A reoxidation is sig-
ni¢cant, Eq. 4 can be modi¢ed to account for this
competing process:
Ct 
Z t
0
cPS II ie 13Ce13Cepgt3ede 5
where g(t3e) describes the rate of Q3A reoxidation,
expressed as a sum of exponential components:
gt3e  gvt  K1exp3vt=d1
K2exp3vt=d2  K3exp3vt=d3: 6
Although there are no analytical solutions for Eqs.
4 and 5, the photosynthetic parameters (Fo, Fm,
cPS II, p, as well as the kinetic constants in Eq. 6)
can be calculated by numerically ¢tting the measured
£uorescence transient to a discrete form of Eq. 1:
f n  Fo  Fm3FoCn 13p13Cnp 7
where fn is the £uorescence yield measured at the nth
£ashlet, and Cn is the fraction of RC II closed at the
nth £ashlet. Cn can be approximated recursively as:
Cn  Cn31
Xm
k1
An;k  IncPS II
13 Cn31
Xm
k1
An;k
 !
13p Cn31
Xm
k1
An;k
 !
8
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where In is the excitation energy delivered at the nth
£ashlet, m is the number of exponential components
in Eq. 6, and An;k is determined by the kinetics of Q3A
reoxidation:
An;k  An31;k  Cn31Kk=cPS IIexp3vt=dk: 9
In practice, we assume that the kinetics of Q3A reox-
idation (i.e., the amplitudes, Kk, and the time con-
stants, dk, in Eq. 6 and Eq. 9) are constant during the
excitation protocol. Q3A reoxidation can be calculated
more rigorously by performing multiple numerical
analyses for subsets of experimental data by individ-
ually evaluating Kk and dk while holding Fo, Fm, p,
and cPS II constant.
Ignoring Q3A reoxidation, Eq. 1 and Eq. 4 can be
combined as follows:
CtcPS II
Z t
0
ieFm3f e
Fm3Fo
decPS II
Z t
0
ieqpede;
10
where qp(t)=[Fm3f(t)]/[Fm3Fo] is the photochemi-
cal quenching. In absence of energy transfer (i.e.,
when p=0) qp=q=13C. The functional absorption
cross-section for the photochemical target can there-
fore be calculated as:
cPS II 
Z r
0
ieqpede
 
31 11
or, in discrete form:
cPS II 
XN
i0
Inqp;n
" #
31 12
where N is the £ashlet number at which the observed
£uorescence signal saturates at the maximum level,
Fm, and qp;n is the photochemical quenching meas-
ured during the nth £ashlet. Eq. 12 gives an initial
estimate of cPS II for iteratively calculated photosyn-
thetic parameters using Eqs. 7^9.
cPS II describes the maximal e⁄ciency of light uti-
lization for photochemistry in PS II in units of Aî 2/
quanta:
cPS II  DCDI MC0 13
cPS II itself is controlled by light absorption and the
quantum yield of photochemistry in the reaction
centers:
cPS II  DEaDI
DC
DEa
MC0  aPS IIxmaxPS II 14
where Ea is the absorbed excitation energy, xmaxPS II is
the maximum quantum yield of PS II photochemis-
try, and aPS II is the optical absorption cross-section
of PS II. Assuming that xmaxPS II can be assessed from
variable £uorescence and from the extent of energy
transfer between photosynthetic units [5,55], the op-
tical absorption cross-section can be calculated from
FRR measurements of cPS II, Fo, Fm, and p.
Under steady-state conditions (C=13q=const) the
rate of excitation trapping is balanced by the rate of
Q3A reoxidation. From Eq. 3 it follows that under
constant ambient light:
cPS IIio
qio
13p  pqio  13qio 
1
dQAio 15
where io is the incident irradiance, dQAio is the ir-
radiance-dependent, average time-constant of Q3A re-
oxidation, and q(io) is the steady-state fraction of
open RC II. Rearranging Eq. 15 we calculate q(io)
as follows:
qio  c
0
PS IIioio
c0PS IIioio 
1
dQA
16
where
c
0
PS IIio 
cPS II
13p  pqio 17
re£ects an increase in the functional absorption
cross-section at intermediate irradiance levels due
to excitation energy transfer between PS II reaction
centers.
Both cPS II and aPS II are wavelength-dependent;
using excitation light of controlled spectral quality,
the FRR technique allows measurements of the spec-
trally resolved functional absorption cross-section,
cPS II(V). In this report, we limit our discussion to
measurements of cPS II at 475 nm, with 70 nm half-
bandwidth.
2.2. Fast repetition rate £uorometry:
instrumentation
The FRR instrument uses a bank of blue and green
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light emitting diodes (a combination of NLPB500,
450 nm peak emission, and NSPE500, 500 nm peak
emission) from Nichia, Japan, as an excitation
source. To uniformly illuminate the sample chamber
(a T-76 scattering cell from NSG Precision Cells,
USA), three stacks of LEDs, totaling 108, are ar-
ranged as a cylinder of 64 mm diameter. Residual
long-wavelength radiation from the LEDs is ¢ltered
with a cylindrical, 3-mm-thick glass ¢lter (BG39
from Shott, Germany). The LEDs are operated at
300 mA pulsed current, and each produces W8
mW of peak optical power. To avoid thermal dam-
age to the LEDs, the duty cycle of excitation £ashes
is limited to 6 5%. Peak optical power within the
sample chamber is W0.7 W/cm2, corresponding to
a £ux of 1.66U1022 quanta m32 s31 (i.e., 27 500
Wmol quanta m32 s31).
Emitted £uorescence is collected from the bottom
of the sample chamber through a pair of interference
¢lters (Corion S10-680-R) and a long pass ¢lter
(Shott RG665). The £uorescence signal is detected
using a Hamamatsu R2066 photomultiplier operated
at 300^600 V. As a reference signal, a small portion
of the excitation light is detected by a Hamamatsu
S1722 PIN photodiode. Both the £uorescence and
the reference signals are digitized at a 16 MHz sam-
pling rate, and transferred to a notebook computer.
The digitized reference signal (i), and the ratio of the
£uorescence to reference signal (f) then are analyzed
with custom software in the context of Eqs. 7^9.
2.3. Fast repetition rate £uorometry:
excitation protocols
The £exibility of the FRR protocol, which can last
from tens of microseconds to seconds, permits both
Fig. 1. Representative £uorescence transients measured by the FRR method. Phases I and V (ST £ashes) are performed as a sequence
of 80 to 120 £ashlets of 0.125 to 1.0 Ws duration, at 0.5- to 2.0-Ws intervals. Phases II, IV, and VI (relaxation protocol) consist of 40
to 80 £ashlets at intervals varying exponentially from 50 Ws to 50 ms. Phase III (MT £ash) consists of up to 4000 £ashlets, at 20- to
200-Ws time intervals. The length of Phase IV is varied from 1 Ws to 10 s by changing the number of £ashlets and time intervals be-
tween them. The £uorescence transients in Phase I and V are controlled by the Fo and Fm components of the £uorescence yield, the
functional absorption cross-section (cPS II), and by the extent of energy transfer between PS II reaction centers, p. Fluorescence transi-
ents in Phases II and VI are controlled primarily by the kinetics of Q3A reoxidation, while the £uorescence transient in Phase IV is
controlled primarily by the kinetics of PQ pool reoxidation. Phase III measures changes in £uorescence yield under multiple turnover
conditions, and Phases V and VI quantify the e¡ects of the earlier multiple turnover excitations on the photosynthetic parameters.
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ST and MT excitation sequences to be executed in
any combination and arbitrary delay time. During
the ST protocol, high excitation energies are used
to reduce QA within a single photochemical turnover.
Operationally, the ST £ash consists of a series of
80^120 £ashlets, each of 0.125 to 1.0 Ws duration,
at 0.5 to 2.0 Ws intervals, and a pulse power of
V0.03 mol quanta m32 s31 (Fig. 1, Phase I). The
cumulative excitation energy during an ST £ash is
selected so that 3 to 4 quanta per RC II are ab-
sorbed. Inevitably, a portion of PS II reaction centers
will become reoxidized and potentially can be re-re-
duced during the £ash, thus deviating from a purely
single-turnover excitation. We discuss the extent of
this deviation below.
During the MT protocol, excitation energy is de-
livered over a longer time, allowing multiple QA ox-
idation^reduction events, and reducing the PQ pool
within 60 to 500 ms. Operationally, the MT protocol
consists of a sequence of up to 4000 £ashlets each of
0.125 to 32 Ws duration, delivered at intervals of 20 Ws
to 2 ms (Fig. 1, Phase III).
In addition to the ST and MT excitation £ashes,
the FRR protocol includes relaxation sequences to
evaluate the kinetics of Q3A reoxidation (Eq. 6).
These sequences consist of 40 to 80 low-energy £ash-
lets at 20-Ws to 50-ms intervals, and are delivered
after either an ST or MT £ash (Fig. 1, Phase II
and IV). Usually, we follow the MT £ash by a sec-
ond ST/relaxation sequence at varying intervals (Fig.
1, Phase V and VI).
2.4. Experimental materials
All the results discussed in this paper are from the
unicellular chlorophyte, Chlorella pyrenoidosa, and
are representative of the FRR methodology applied
to a wide variety of cultured, unicellular algae (e.g.,
Dunaliella tertiolecta, Chlamydomonas reinhardtii,
and Skeletonema costatum), as well as in natural phy-
toplankton communities, and intact leaves from
higher plants and blades of marine macrophytes.
Chlorella pyrenoidosa was selected because it can
be easily grown with minimal algal culturing facili-
ties, making it the preferred organism to test and
reproduce the methodology and results presented
here.
2.5. Oxygen evolution
Oxygen £ash yields were measured using a bare
platinum oxygen-rate electrode as described in Ref.
[37]. ST £ashes for oxygen measurements were gen-
erated using a xenon £ashlamp (model L21 from
Hamamatsu). The £ashlamp was operated in a
FRR mode by applying a triggering HV pulse fol-
lowed by a series of high current pulses at 1.5- to 10-
Ws intervals, resulting in a train of 4 to 80 £ashlets
delivering a total cumulative energy of 3 quanta/RC
II.
3. Results
3.1. Single turnover £ashes
To investigate the relationship between excitation
energy and £uorescence responses, we applied an ST
£ash consisting of 120 £ashlets of 0.2 Ws to 0.8 Ws
duration at 1-Ws intervals (Fig. 2A). With increasing
excitation energies, the £uorescence yield saturates
faster, reaching the Fm level within 60 Ws. All the
pro¢les displayed identical saturation kinetics as a
function of cumulative excitation energy (Fig. 2B).
Assuming that the steady-state £uorescence yield is
controlled primarily by the ratio of the rates of QA
reduction/reoxidation, these results suggest that,
under our experimental conditions, the average
time constant of Q3A reoxidation is much longer
than the length of the £ash. Hence, only a small
fraction of Q3A is reoxidized during the £ash; this
fraction is independent of excitation energy. The ob-
served £uorescence transients deviate from a cumu-
lative one-hit Poisson distribution [13] (Fig. 2B, in-
set), suggesting energy transfer between PS II units.
The calculated values of Fo, Fm, cPS II and p are
independent of excitation energy between 1.6 to 4
quanta/RC II/ST (Table 1). Although the £uores-
cence transients observed within 120 ms £ash never
reach the theoretical maximum level (Fig. 2A), the
calculated asymptotic Fm signal is independent on the
excitation energy within this range.
To further examine the e¡ect of excitation energy
on the saturation character of the £uorescence tran-
sients, we applied a series of 120 £ashlets of 0.8 Ws
duration, but altered the intervals between them
BBABIO 44679 29-9-98
Z.S. Kolber et al. / Biochimica et Biophysica Acta 1367 (1998) 88^106 93
from 1 Ws to 50 Ws (Fig. 2C). The rate of £uorescence
saturation normalized to cumulative excitation en-
ergy is constant during the initial 100^200 Ws (Fig.
2D). This rate declines at longer £ash lengths with
decreasing excitation energy, indicating an increasing
e¡ect of Q3A reoxidation.
Fig. 2. E¡ect of excitation energy on £uorescence saturation pro¢les observed during an ST protocol consisting of 120 £ashlets. (A)
Excitation energy was controlled by varying the duration of the £ashlets from 0.2 Ws to 0.8 Ws, while maintaining the time interval be-
tween them, at 1 Ws. When plotted as a function of excitation energy (B), all the £uorescence transients displayed a similar saturation
character during the 120-Ws time window. Inset: an example of a £uorescence transient as a function of the log cumulative excitation
energy. The solid line is experimental data, the dotted line is the ¢t of the data to a cumulative one-hit Poisson model assuming no
energy transfer between PS II reaction centers. By neglecting energy transfer, the least squares minimization procedure forces the cal-
culated cPS II to decrease relative its correct value in order to minimize the error between the calculated and the experimental curve.
(C) Excitation energy was controlled by varying the time interval between £ashlets from 1 Ws to 50 Ws, while maintaining the length
0.8 Ws. The resulting £uorescence transients showed slower saturation rates as a function of time (C), and cumulative excitation energy
(D), indicating that at longer time windows the £uorescence transient is controlled by the excitation energies as well as by the rates of
Q3A reoxidation.
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The excitation energies selected for ST protocols
are a compromise between a desire to fully reduce
QA within a single photochemical turnover, and the
desire to minimize potential non-photochemical £uo-
rescence quenching in PS II reaction centers caused
either by carotenoid triplet formation [56,57] or P680
accumulation [8,9,52]. The latter two phenomena
may reduce £uorescence yields by 20^35% during
ST £ashes compared with MT £ashes [35]. We did
not observe marked changes in Fm when the excita-
tion intensity was decreased by a factor of three (Ta-
ble 1), nor in the initial rise of £uorescence yield
when the excitation intensity was decreased by a fac-
tor of 50 (Fig. 2B,D). However, Fv/Fm measured with
an ST £ash was approx. 0.65 in physiologically
healthy algae, which is considerably lower than that
of 0.75 which is sometimes observed using an MT
protocol (e.g., Ref. [58]).
Table 1
Calculated values of Fo, Fm, cPS II, and p for single-turnover £ashes with di¡erent excitation energies (Fig. 2A,B) using Eq. 8, and as-
suming negligible Q3A reoxidation during the £ash
Flashlet length (Ws) Excitation energy (quanta/RC II/ST) Fo Fm cPS II (Aî 2/q) p
0.8 4.1 1.00 2.72 280 0.44
0.6 3.0 1.00 2.72 290 0.43
0.5 1.9 1.00 2.72 290 0.44
0.4 1.6 1.00 2.72 300 0.43
0.3 1.2 1.00 2.59 310 0.38
0.2 0.6 1.00 ^ ^ ^
The lower limit of excitation energies to reliably calculate photosynthetic parameters is about 1.6 quanta/RC II ST under the condi-
tions of negligible Q3A reoxidation. Fm values shown here are the calculated, asymptotic maximum £uorescence yield, not the £uores-
cence yields attained at the end of the ST £ash.
Fig. 3. FRR £uorescence transients observed during an ST £ash followed by a relaxation protocol. The ST protocol consisted of 100
£ashlets of 0.036 q/RC II with an interval of 1 Ws. The relaxation protocol consisted of 40 £ashlets at 20-Ws intervals, where the exci-
tation energy varied from 0.002 to 0.022 quanta/RC II. (b) Experimental data, (9) theoretical ¢t with parameters calculated as shown
in Table 2. (- - -) Cumulative excitation energy.
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3.2. FRR relaxation protocol
Following the transient reduction of QA by an ST
£ash, the decay of £uorescence is controlled by Q3A
reoxidation kinetics [22], but is confounded by en-
ergy transfer between PS II reaction centers [59].
The kinetics of Q3A reoxidation can be described by
a multi-exponential decay model (e.g., Eq. 6), and
can be assessed with the FRR £uorometer using
the described relaxation protocol. Energetically, the
excitation energy used in this protocol has an actinic
e¡ect that repopulates a fraction of the reoxidized
QA. These re-excited RC IIs display reoxidation ki-
netics that deviate from a single-turnover character.
To investigate the e¡ect of the relaxation protocol on
the assessment of Q3A reoxidation kinetics, we ana-
lyzed the £uorescence responses acquired at varying
excitation energies; Fig. 3 demonstrates the actinic
e¡ect of the measurement protocol. These artifacts
can be minimized by using excitation protocols that
produce the least actinic e¡ect, and by numerical
analysis that accounts for the inevitable re-reduction
of a fraction of centers by the probe £ashlets (e.g.,
Eqs. 8 and 9).
The kinetics of Q3A reoxidation calculated with
such a correction (Table 2) are almost independent
of the excitation energy. Deviation in the calculated
parameters at the highest level of excitation energy
most likely re£ects changes in the population of re-
duced secondary electron- carriers (i.e., QB and PQ
pool).
The cumulative energy applied during the ST
portion of the excitation protocol was about 3.6
quanta/RC II, resulting in £uorescence transient
from 1 to 2.84, and about 0.96 level of QA reduction
at the end of the ST £ash. The theoretical Fm signal
calculated using Eqs. 7^9, however, was around
3.0.
3.3. Excitation energy transfer
Energy transfer between PS II reaction centers,
represented by the p parameter in Eq. 1 and Eq. 5,
a¡ects both the rate of £uorescence saturation during
an ST £ash and £uorescence decay during relaxation
protocol. As p increases, the rate at which £uores-
cence yields decay following the ST £ash exceeds the
rate of Q3A reoxidation. Consequently, neglecting p
when analyzing the Q3A reoxidation underestimates
the kinetic time constants, particularly the fast and
medium components (last row in Table 2). Applying
an arbitrary value for p may alleviate this problem
[59]; however, our measurements indicate that p
varies widely, and strongly depends upon the phys-
iological condition of the cells [60]. Therefore, assess-
ing the rates of Q3A reoxidation from £uorescence
yield decay-curves requires calculating p on a case-
by-case basis.
3.4. How ‘single turnover’ are ST £ashes?
By de¢nition, an ST £ash induces a single photo-
chemical event. This requirement can be evaluated by
calculating the extent of Q3A reoxidation by QB dur-
ing the ST £ash:
et 
XN
n0
CnK1exp3vtn=d1  K2exp3vtn=d2
K3exp3vtn=d3 18
where et is a measure of the electron equivalents
Table 2
Fluorescence parameters and time constants of Q3A reoxidation for di¡erent excitation energy of the relaxation protocol (Fig. 3A,B),
analyzed with the triple-exponential model of Q3A reoxidation, according to Eqs. 8^10
Flashlet energy q/RC II Fo Fm cPS II (Aî 2/q) p K1 d (Ws) K2 d2 (Ws) K3 d3 (ms)
0.002 1.00 3.01 300 0.48 0.44 240 0.44 1240 0.12 26.9
0.004 1.00 2.99 320 0.49 0.41 250 0.44 1300 0.15 26.5
0.006 1.00 2.99 330 0.48 0.42 260 0.43 1360 0.15 26.0
0.013 1.00 2.96 310 0.45 0.40 270 0.42 1230 0.18 20.6
0.022 1.00 2.96 310 0.45 0.33 360 0.48 1280 0.21 12.4
0.002 1.00 3.00 350 0.00 0.530 180 0.380 830 0.090 29.2
The results in the last row are an example of calculations of the kinetics of Q3A reoxidation, neglecting energy transfer (p = 0).
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Fig. 5. Oscillation pattern of £ash oxygen yields in response to a series of £ashes with cumulative energy of 3 quanta/RC II and
length of 6 to 640 Ws, applied at 2-s time intervals. Each £ash consisted of a train of 4 to 80 £ashlets. The oscillatory pattern of oxy-
gen evolution is preserved during the ¢rst four £ashes of length varying from 6 to 160 Ws, although its amplitude dampens with in-
creasing £ash length due to increasing probability of double-electron turnovers. The oxygen evolved during the second £ash, and in
the steady state (s 24 £ashes) increases by about 8% as the length of the £ash increases from 6 Ws to 80 Ws, indicating 6 10% in-
crease in the probability of double electron turnover during an 80-Ws-long £ash.
Fig. 4. Fluorescence saturation pro¢les and initial portion of relaxation protocol. The ST £ashes consisted of a train of £ashlets, ap-
plied at times varying from 1.6 Ws to 12 Ws (b). The relaxation kinetics were measured with £ashlets applied at time intervals varied
exponentially from 50 Ws to 800 ms. (- - -) The calculated electron transfer from Q3A to secondary electron acceptors. The continuous
line represents a theoretical ¢t to the experimental data, using Eqs. 8 and 9.
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resulting from Q3A reoxidation occurring during N
£ashlets, vtn is the interval between £ashlets, and
Cn is calculated by Eq. 8. To quantify et we made
a series of ST measurements with time intervals be-
tween £ashlets varying from 1.6 Ws to 12 Ws, followed
by a relaxation protocol (Fig. 4). From Eqs. 8 and 9,
we calculate that up to 96% of PS II reaction centers
were reduced within 60 Ws at the highest excitation
intensity, 6 10% of the reaction centers were reoxi-
dized, and 6 7% were re-reduced by subsequent ex-
citation during the ST £ash. We conclude that the
delivery of 3 to 4 excitations per RC II within 60^
100 Ws is e¡ectively an ST £ash. Under such condi-
tions, 6 10% of the PS II reaction centers undergo
multiple photochemical turnovers. As the time be-
tween £ashlets was increased from 1.6 to 12 Ws, the
number of multiple turnovers increased by the same
factor.
To independently establish the single turnover
character of ST £ashes, we measured oxygen £ash
yields using a train of £ashlets with a total duration
of 6 to 640 Ws; these conditions were achieved using
a sequence of 4 to 64 £ashlets at 1.5- to 10-Ws inter-
vals, with constant cumulative excitation energy of 3
quanta/RC II. A four-£ash periodicity in oxygen and
£uorescence was observed, which dampened after 12
£ashes (Fig. 5). Changing the length of the excitation
sequence from 6 to 160 Ws had little e¡ect on the
initial (¢rst to fourth £ash) oscillatory pattern for
O2 evolution (Fig. 5). The oxygen-£ash yield on the
second £ash and in the steady-state (s 24 £ashes)
increased by about 8% as the length of the £ashes
changed from 6 Ws to 80 Ws. We conclude that the
number of double photochemical turnovers in an 80-
Ws-long ST £ash increases by 6 10% when the £ash
length rises from 6 Ws to 80 Ws.
3.5. Dependence of £uorescence yield on £ash number
during the ST protocol
If ST £ashes are applied at intervals 6 4 s, the
£uorescence signal observed in a dark-adapted sam-
ple displays a high £uorescence yield during the ¢rst
£ash (HF1), followed by a weak, four-period oscil-
lation with a lower (LF) £uorescence yield (Fig. 6)
[42,61^63]. The oscillation pattern of £uorescence is
generally antiparallel to that of oxygen evolution
[42,64], and is absent under weak background light
or in samples immediately taken from illumination to
the dark. The oscillatory pattern is independent of
the ST £ash length in the 6^160 Ws range, but damp-
ens with longer £ash durations due to multiple turn-
overs of PS II that randomize S-states. These results
previously were interpreted as donor-side modulation
of variable £uorescence [42,65]. The pattern of Fm
changes in a given £ash is preserved in the Fo signal
on the subsequent £ash (Fig. 6A), suggesting that
this modulation is maintained over the lifetime of
the S state (seconds) [21,24,42], rather than the life-
time of oxidized P680 (sub-milliseconds) [66]. The
modulation of the £uorescence yield by the donor
side of PS II shown in Fig. 6A should not be con-
fused with ‘donor-side quenching’ of the Fm signal
[10]; the modulation reported here is preserved sev-
eral seconds after an ST £ash. On this time scale,
potential quenchers in PS II reaction centers (e.g.,
P680 and/or carotenoid triplets) have long dissipated
[57,66].
When the time delay between £ashes is increased
to 10 s, the oscillations in £uorescence yield disap-
peared; however, the ¢rst £ash still had a 15% to
20% higher yield than that of the second and subse-
quent £ashes (Fig. 6B, and inset). The di¡erence be-
tween the ¢rst and subsequent ST £ashes is inde-
pendent of the length of the £ash in the 80^1000 Ws
range. When the time delay between £ashes is s 120
s, only the HF £uorescence yield is observed. When
the sample is dark-adapted for less than 10 s, or
exposed to a very weak background illumination of
0.1^0.5 WE m32 s31, only the LF £uorescence yield is
observed.
As the duration of the ST £ash is extended beyond
approx. 200 Ws, the £uorescence yields decline
slightly from their initial maximum. Furthermore,
there is a transient spike at the onset of the relaxa-
tion sequence, indicating the development of £uores-
cence quenching during the excitation protocol. The
extent of this quenching (3^5%), however, is much
smaller than the di¡erence between the HF and LF
level.
3.6. MT £ash protocol
Fluorescence transients observed during an MT
£ash display complicated patterns of £uorescence
yield in response to progressive excitation (Fig.
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7A). The multiphasic character of the £uorescence
signal re£ects sequential ¢lling and emptying of sev-
eral electron pools (QA, QB, PQ) with di¡erent re-
duction-oxidation rates. The expression of these
phases strongly depends on the experimental proto-
col [67^69].
As with ST £ashes, the £uorescence transients ob-
served at the ¢rst and the second MT £ash in a dark-
adapted sample are very di¡erent. Fig. 7B shows
representative £uorescence pro¢les for three pairs
of MT £ashes, each composed of 3000 £ashlets, ap-
plied at 10-s intervals, with average excitation ener-
gies of 4000, 185, and 40 quanta/RC II/s. The ¢rst
MT £ash displays a higher maximal £uorescence
Fig. 6. ST £uorescence transient as a function of the £ash number. (A) Period four oscillation of the Fm, Fo, and intermediate (Fdel)
£uorescence yield observed in a series of 100-Ws-long ST £ashes applied at 2-s intervals. The Fdel £uorescence signal was measured 1
to 16 ms following the ST £ash. High Fo £uorescence at given £ash correlates with the high Fm £uorescence at the preceding £ash.
(B) Dependence of £ash number of the £uorescence transient observed in a dark-adapted sample (tdarks 120 s, thin line) and short
dark-adapted sample (tdark6 10 s, thick line). The long £ashes consist of 640 £ashlets of 0.8 Ws duration and 1-Ws intervals. Long
£ashes are separated by a relaxation sequence consisting of 120 £ashlets applied at times exponentially increasing from 50 Ws to 30
ms, over a period of 10 s. The short £ashes (80 £ashlets) are separated by a relaxation sequences consisting of 40 relaxation £ashlets
over a period of 2 s. Inset: the di¡erence between the ¢rst and second ST £ash applied on dark-adapted sample (tdarks 120 s); high
£uorescence yield (HF1) is observed during the ¢rst £ash (9), and a low £uorescence yield (LF) is observed during the second and
consecutive £ashes (- - -).
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yield, with a slowly saturating phase and a lower
initial slope compared with subsequent ones. When
the delay between £ashes is longer than 2 min, the
¢rst £ash response is preserved with each subsequent
£ash. When measured under weak background illu-
mination or after 6 10 s of dark adaptation, £uores-
cence yields resembled the second-£ash behavior in
Fig. 7B.
To further examine £uorescence responses to ST
and MT £ashes, we exposed cells to an ST £ash
(ST1) followed by an MT £ash, and ¢nally to a sec-
ond ST £ash (ST2), each separated by a relaxation
sequence (Fig. 8A). The maximum £uorescence yield,
HF2, measured during the ST2 £ash depended on
the interval between MT and ST2. If the ST2 £ash
was applied within 10 Ws to 5 ms following the MT
£ash, the £uorescence signal remained at a level
4^5% lower than the maximum yield, HFM
(Fig. 8B). As the time interval between MT and
ST2 increased to 16 s, the HF2 decreased, with a
time constant of approx. 4.2 s. The functional ab-
sorption cross-section measured 160 ms following
MTF was about 40% lower than that measured dur-
ing ST1. As the interval between MTF and ST2 in-
Fig. 7. Fluorescence response to multiple turnover (MT) £ashes. (a) Fluorescence transients in MT £ashes performed with 3000 £ash-
lets of 0.8 Ws duration and intervals varying from 20 to 2000 Ws. Very high variable £uorescence (Fv/Fm = 0.75) is observed at excita-
tion energies as low as 200 quanta/RC II/s. (B) Fluorescence response to a pair of MT £ashes applied at 10 s delay measured in a
dark-adapted sample.
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Fig. 8. (A) Fluorescence transients observed during a sequence of ST1^MT^ST2 £ashes. ST £ashes consist of 80 £ashlets of 0.8 Ws du-
ration at 1.5-Ws time interval, MT £ash consists of 3200 £ashlets of 0.8 Ws duration or length at 20-Ws intervals (every 10th £ashlet in
the MT £ash is shown). The relaxation sequences following the ST1 and ST2 consist of 40 £ashlets at intervals varying exponentially
from 50 Ws to 800 ms, over 4 s. Following an MT £ash, the time interval between £ashlets in relaxation sequence was varied from
125 Ws to 2.4 s. The ST2 £ash was applied 10 Ws following an MT £ash, at 20 ms delay, and 10 s delay. Inset: schematic representa-
tion of excitation protocol in the ST £ash, relaxation sequence, and MT £ash. The Fm signal observed during ST1 £ash is minimal
(LF) when measured on a short, dark-adapted sample (tdark6 10 s), or in the presence of low-level background irradiance (continuous
line). It increases to the HF1 level when measured on a long dark-adapted sample (tdarks 120 s, dashed line). The Fm signal observed
during the ST2 £ash (HF2) approaches the level measured during a MT £ash when applied immediately following a MT £ash. The ki-
netics of Fm decrease following the MT £ash (tFH2 = 4.2 s) is similar to the kinetics of the slow phase of changes in £uorescence yield
following an MT £ash (tMT = 2.6 s). (B) Changes in Fm £uorescence yields and functional absorption cross-section as a function of the
delay between an MT and an ST2 £ash.
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creased to 16 s, cPS II reached the pre-MTF value,
with a time constant of V1 s (Fig. 8B).
The results from the ST1^MT^ST2 protocol illus-
trate the di¡erences in £uorescence yields for ST and
MT measurements which are the basis of the contro-
versy in interpreting £uorescence data [14,34,
36,51,70]. By changing the period of dark adapta-
tion, or the time between MT and ST2, we found
that the di¡erence in Fm between MT and ST £ashes
was controlled primarily by the pre-illumination his-
tory, not by the intensity of excitation. The Fm signal
observed during MT £ash was up to 35% higher than
that observed during ST £ash when measured on
short-term (tdark6 10 s) dark-adapted samples. Fol-
lowing longer period of dark adaptation (tdarks 120
s), this di¡erence decreased to less than 20%. Finally,
when measured shortly (10 Ws to 5 ms) following the
MT £ash, the single-turnover Fm signal was only 5%
lower than that observed during MT £ash.
4. Discussion
We have presented a novel method for character-
izing PS II processes based on measuring £uores-
cence transients in response to a series of subsaturat-
ing £ashlets of controlled intensity, duration, and
intervals. The key photosynthetic parameters calcu-
lated with the FRR method include cPS II, Fo, Fm, p,
and rates of electron transport within PS II. The
most controversial and protocol-dependent parame-
ter is the maximal £uorescence level (Fm) measured
upon reduction of the ¢rst electron acceptor, QA,
commonly used in £uorescence-based models of pho-
tosynthetic yields or rates [15,28,34].
ST and MT £ashes di¡er in their excitation inten-
sities, durations, and the cumulative excitation en-
ergy required to induce the £uorescence responses.
ST £ashes are generated with excitation intensities
exceeding 50000 quanta/RC II/s in 6 100 Ws, where-
as MT £ashes have excitation intensities ranging
from 20 to 2000 quanta/RC II/s, over a period of
50 ms to several seconds. Accordingly, the cumula-
tive excitation-energy is 3 to 4 quanta/RC II for an
ST £ash, and 50 to 500 quanta/RC II for an MT
£ash. It has been stated that the high excitation in-
tensity of an ST £ash in£uences the measured £uo-
rescence signal and prevents detection of the ‘correct’
£uorescence yield [10]. Our results (Fig. 8) demon-
strate that the duration of the excitation protocol
and total excitation energy applied, rather than ex-
citation intensity, a¡ects the measured £uorescence
yield.
Di¡erences in £uorescence yields for ST and MT
measurements are commonly ascribed to £uorescence
quenching due to over-excitation of PS II reaction
centers, and resulting from accumulation of the oxi-
dized intermediates on the donor side of PS II
[8,9,52], or of carotenoid triplet states [56,57]. We
attributed only 4% to 5% £uorescence quenching to
either of these phenomena during extended, 640-Ws-
long ST protocols (Fig. 6B). This quenching is negli-
gible during the typical 80^120-Ws-long ST £ashes, as
demonstrated by the constant level of variable £uo-
rescence at lower excitation energies (Fig. 2A,B). The
amplitude of this quenching phenomenon cannot ex-
plain the di¡erences between the HF and LF states.
We also observed a weak, four-period oscillation in
the ST £uorescence signal, which suggests that the
donor side of PS II modulates the £uorescence yield
somewhat (Fig. 6A). This apparent control is exerted
over the lifetime of the S-states, not the lifetime of
P680 (Fig. 6C), and therefore may re£ect the accumu-
lation of a positive charge near the manganese com-
plex on the donor side of PS II [71,72]. It is possible
that the di¡erence between HF1 and LF levels (Fig.
6B) is due to a quenching by increased level of P680,
the reduction rate of which decreases during the sec-
ond and subsequent £ashes where the S-states be-
come progressively scrambled. This £uorescence
quenching, however, disappears immediately follow-
ing the MT £ash (HF2wHFM, Fig. 8A), where the
S-states are also scrambled, indicating that the dis-
tribution of the S-states has little control over the
observed quenching. The observed pattern of £uores-
cence modulation also can be interpreted in terms of
£uorescence quenching by S-state-dependent oxygen
release [73]. Within these interpretations, both the Fo
and Fm signals are a¡ected (Fig. 6A), potentially
preserving the Fv/Fm or Fv/Fo ratio.
Alternatively, changes in the rate of S-state ad-
vancements may modify the lifetime of P680 following
a double reduction of the PS II reaction center (e.g.,
when reduction of P680 requires prior advancement
of S-states). The probability of double reduction dur-
ing an ST £ash may reach 5% to 10% depending on
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the experimental conditions, potentially resulting in a
long-lived, weak four-period oscillation during a se-
quence of ST £ashes [62,74,75]. The transient decline
in £uorescence induced by 640-Ws-long, high-inten-
sity £ashes (Fig. 6B), or with an ST £ash applied
immediately after an MT £ash (Fig. 8) might be ex-
plained by double hits leading to an accumulation of
P680. Within this model, the Fm signal would be pref-
erentially quenched, causing a decrease in the Fv/Fm
ratio. The amplitude of this e¡ect (V5%), however,
is negligible in comparison to the di¡erence between
ST and MT £uorescence yields (up to 35%). We con-
clude that the comparatively high excitation intensity
used in the ST £ash protocol cannot induce the ob-
served di¡erence in £uorescence yields between ST
and MT £ashes. Consequently, such di¡erences in
£uorescence yields are due either to changes in the
rate of excitation trapping by the reaction centers,
and/or result from processes on the acceptor side of
PS II.
The di¡erences in Fm observed in ST and MT
£ashes a¡ect assessments of the photosynthetic quan-
tum yields based on calculating Fv/Fm [5], and so
apparently underestimate xmaxPSII based on ST meas-
urements [34]. As shown in Eq. 14, cPS II can be ex-
pressed as the product of xmaxPSII and the optical ab-
sorption cross-section of PS II. The FRR
£uorescence technique described here can determine
cPS II instantaneously (within approx. 100 Ws). The
decrease in cPS II observed in the HF2 state (Fig.
8B) suggests that xmaxPSII decreases as the £uorescence
yield increases during MT protocols. Our results sug-
gest that the redox state on the acceptor side a¡ects
the distribution of excitation energy between photo-
chemistry and £uorescence. The simultaneous rise in
£uorescence yield and decrease in cPS II suggests that
the rates of radiative deactivation increase at the cost
of photochemistry. An antiparallel relationship be-
tween the rates of oxygen evolution and slow phases
of £uorescence induction is well documented
[38,76,77], and a parallel relationship between oxygen
£ash yields and cPS II was observed [37]. These ob-
servations are consistent with our ¢ndings.
In conclusion, the FRR methodology discussed
here allows exhaustive characterization of PS II £u-
orescence under conditions of either ST or MT ex-
citation. Using FRR £uorescence in conjunction with
molecular genetic approaches and other biophysical
techniques, we can examine the processes controlling
variations in the £uorescence yields and develop a
model to account for these variations [53].
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